Working memory (WM) is an online memory system whose capacity predicts a broad range of intellectual abilities, including fluid intelligence and academic achievement (Engle et al., 2001; Cowan et al., 2005; Fukuda, Vogel, Mayr, & Awh, 2010) . Thus, there has been strong interest in characterizing the nature of this capacity limit. Discrete resource models assert a so-called "item limit" within working memory, such that once a small number of items have been stored, no further information can be stored from additional items (Awh, Barton, & Vogel, 2007; Cowan, 2001; Rouder et al., 2008; Zhang & Luck, 2008) . Alternatively, flexible resource models assert that it is possible to distribute WM resources across an unlimited number of items, although the proportion of resources devoted to each item is inversely related to the number of stored items (Bays & Husain, 2008; Wilken & Ma, 2004) . In line with this prediction, multiple studies have demonstrated an inverse relationship between mnemonic precision and the number of stored items (Anderson, Vogel, & Awh, 2011; Barton, Ester, & Awh, 2009; Bays & Husain, 2008; Zhang & Luck, 2008) . Although this finding is naturally explained by flexible resource models, it can also be reconciled with discrete resource models. For example, Barton et al. (2009) proposed a hybrid model in which a discrete set of "slots" constrains the allocation of a separate resource that determines mnemonic precision. Critically, this hybrid model predicts that declines in mnemonic resolution will halt at relatively early set sizes, because no further information is encoded into memory once putative item limits are exceeded. In line with this, Zhang and Luck (2008) observed equivalent precision for set sizes of three and six items. In addition, Anderson et al. (2011) used a fine-grained manipulation of set size to show that the set size at which mnemonic resolution reached its plateau was strongly predicted by the item limit for each observer. Thus, the shape of the resolution by set size function supports the claim that WM storage is constrained by a discrete item limit.
These studies, however, did not directly address the fundamental question of how an "item" should be defined. When Marr (1982) famously asked "What . . . is an object?" (p. 270), he was referencing the complexity of this question. There is a hierarchical organization to natural scenes that depends on the structure of the scene and the goals of the observer (Marr, 1982) . From this perspective, it is clear that even if WM storage is constrained by a discrete item limit, variations in scene structure could have a powerful effect on how this resource is allocated across scene elements. For example, Woodman, Vecera, and Luck (2003) showed that Gestalt grouping principles determine which items are encoded into visual WM from supraspan displays. Using a spatial precuing paradigm adopted from Egly, Driver, and Rafal (1994) , Woodman et al. (2003) found that objects that were grouped with the precued object were more likely to be stored in working memory than objects belonging to a different group. In one experiment, they used proximity as a cue to group six items into two columns of three objects each. When one corner was cued, the farthest item within the cued column was more likely to be stored in memory than the equidistant item in the uncued column. Thus, Woodman, Vecera, and Luck (2003) demonstrated that Gestalt grouping principles influence which objects are encoded into memory from supraspan displays. There is also evidence that scene structure influences how many elements can be stored. Xu (2006) found that when a colored circle and oriented stem were connected, performance was better than when these single feature objects were unconnected and separated. Additionally, Walker and Davies (2003) found that visual WM performance was enhanced when eight individual objects were perceptually grouped into four units by way of amodal completion behind an occluder. Likewise, Xu (2008) and Xu and Chun (2007) have shown that storagerelated activity in the inferior intraparietal sulcus is reduced when objects are grouped by connectedness (Xu, 2008) or common surface (Xu and Chun, 2007) . Thus, perceptual grouping can influence both which items are stored and the maximum number of elements that can be stored in visual WM.
At first glance, such findings might seem to contradict the notion of a fixed item limit-a central tenet of discrete resource models-given that the number of elements stored increases under grouped conditions. However, these data can be reconciled with a theoretical item limit if each "item" consists of multiple elements that are linked by perceptual grouping cues. In the present work, we tested this hypothesis by examining whether there would be clear evidence of discrete item limits when strong perceptual grouping cues allowed grouping of pairs of items. Here we examined three specific predictions that emerge from the view that each pair of grouped elements occupies a single discrete "slot." First, we expected to replicate the basic empirical pattern discovered by Zhang and Luck (2008) , in which observers have nonzero information about a subset of items, while retaining no information about additional items. This result favors discrete over flexible resource models, given that flexible resource models predict the storage of nonzero information for all items in the display. Second, we expected to replicate the observations from Anderson et al. (2011) that mnemonic precision would reach a stable asymptote at a set size predicted by each individual's item limit. This correlation is clearly predicted by discrete resource models, because set sizes that exceed the putative item limit do not lead to the storage of additional items. Finally, this approach provided an opportunity to observe whether grouping of pairs of items via collinearity cues would lead to a doubling of the number of elements stored, as well as a doubling of the set size at which mnemonic precision reached a plateau. This result would suggest that resources are allocated in a discrete fashion (as indicated by the plateau in precision), with each perceptual group counting as a single item. Thus, perceptual grouping can increase the number of elements stored while the allocation of mnemonic resources remains constrained by a discrete item limit.
Experiment 1 Experiment 1a
The purpose of this experiment was to determine whether perceptual grouping cues increase the number of elements stored in WM by causing grouped pairs to be stored as a single discrete "item." Within the "grouped" condition, pairs of elements were grouped via strong collinearity cues (see Figure 1) ; thus, we predicted a doubling in both the set size at which precision asymptotes, as well a doubling of capacity estimates in the grouped condition. By contrast, if the number of "items" is not reduced by perceptual grouping, then the asymptote in the precision by set size function should be similar between the grouped and ungrouped conditions.
Methods
Subjects. A total of 25 undergraduates at the University of Oregon completed the experiment for course credit. All had normal or corrected-to-normal visual acuity and gave informed consent according to procedures approved by the University of Oregon institutional review board.
Stimulus displays. Stimuli were generated in MATLab using the Psychophysics Toolbox extension (Brainard, 1997; Pelli, 1997) and presented on a 17-inch flat CRT computer screen (refresh rate of 120 Hz). Viewing distances were approximately 77 cm.
Our tasks required participants to remember the orientation of solid disks (radius ϭ .93°of visual angle) that contained a rectangular gap, which was randomly positioned at an angle varying across the full 360 degrees of space (see Figure 1) .
In Experiment 1, objects were presented within a square region subtending 10.7°ϫ 10.7°of visual angle, and subjects fixated on a central fixation point that subtended .37°ϫ .37°. Objects were presented in pairs so that two objects within a pair were separated by a center-to-center distance of 3.16°of visual angle. Pairs of objects were positioned randomly, with respect to both position and orientation, with the constraint that no two pairs could fall within 1.43°of one another, resulting in a between-object separation of at least two thirds of an object. At the end of each trial, subjects were cued to recall the orientation of a single item. A specific object was probed by outlining its position with a thick, black ring with a radius of .93°and rim thickness of .37°(see Figure 1) . Figure 1 . Working memory task. Participants maintained fixation and were instructed to remember the orientation of all objects presented on the display. Set sizes used were 2, 4, 6, and 8. After a short delay period, participants were presented with a probe ring that determined which item was to be recalled. Participants used a mouse to indicate the orientation of the probed item.
Procedures. Experiment 1 took approximately 1.5 hours to complete and was composed of 15 blocks of 64 trials each. Grouping conditions and set sizes were randomly intermixed within each block. The events in a single trial of Experiment 1 went as follows. First, subjects saw a central fixation point, followed by the presentation of 2, 4, 6, or 8 disks with oriented gaps for 200 ms. In the ungrouped condition, all orientations were random with respect to each other; in the grouped condition, the orientations of different pairs of objects were offset by 180°so that the gaps were facing each other, forming an illusory rectangle (see Figure 1) . A 1000 ms delay period followed the offset of the disks. Following the delay, a probe ring appeared in a randomly selected position. Subjects clicked on the perimeter of this ring in an unspeeded response to indicate the orientation of the sample item that had appeared in the same position. Each response was followed by a 750-ms blank intertrial interval.
Modeling response error distributions. Offset values were defined by the difference between the subjects' response and the angle of the probed sample stimulus (ranging from Ϫ180 to 180 degrees). Frequency histograms of response offsets for each set size and stimulus configuration were created to assess memory performance. Memory performance was quantified using a mixture model (Zhang & Luck, 2008) that describes the error histogram in terms of a weighted sum of two distinct distributions: 1) a uniform distribution, which reflects random responses with respect to the angle of the probed stimulus, and 2) a von Mises distribution, which reflects target-related responses centered around the angle of the probed stimulus. Maximum likelihood estimation was used to fit the mixture model to the distribution of response offsets. Three parameters were estimated: , the mean of the von Mises distribution corresponding to trials in which the subject had selected the target location; SD, the width of the same von Mises distribution (used to operationalize mnemonic precision), and p(failure), denoted P f . This latter parameter corresponds to the height of a uniform distribution, corresponding to trials in which subjects failed to store the probed item. P mem refers simply to the probability that the critical item was stored (1 minus P f ). Our measure of WM capacity was derived from the P mem parameter.
Results and Discussion
The individual subject parameter estimates (P mem and SD) were extracted separately for each set size for each subject. An analysis of variance (ANOVA) with the factors set size (2, 4, 6, or 8) and grouping condition (grouped vs. ungrouped) was run separately for each parameter. There was a significant main effect for grouping in both our precision, F(1, 24) ϭ 197.76, p Ͻ .001 and P mem estimates, F(1, 24) ϭ 102.81, p Ͻ .001; the probability of storage for the set size 8 grouped condition (M ϭ .68) was approximately twice that of the set size 8 ungrouped condition (M ϭ .32), suggesting that individuals could store twice as many elements in the grouped condition compared to the ungrouped condition. We further examined this relationship by plotting P mem for set size 8 ungrouped as a function of P mem for set size 8 grouped ( Figure  2A ). If we presume that set size 8 is supracapacity for all observers, a doubling of storage capacity in the grouped condition should yield a slope of 0.5. Confirming this prediction, a linear regression model (solid black line, R 2 ϭ .38, p Ͻ .01) revealed a slope and y-intercept of .53 and Ϫ.03, respectively. This strengthens the case that individuals are storing twice as many elements in grouped relative to ungrouped conditions. We then fitted these data with hypothetical models ( Figure 2B ) that assume a perceptual group is stored as either two individual elements (dotted gray line, in which a slope of 1 is predicted) or a single unit (dotted black line, in which a slope of .5 is predicted). The model which assumes the storage of individuated elements differed significantly from the observed data (p Ͻ .0001), while no significant difference was found between the model that assumed the storage of a single group (p ϭ .66). The latter result suggests that these collinearity cues were strong enough to produce virtually perfect grouping, resulting in a doubling of the number of element stored. Thus, we demonstrate that storage estimates for the grouped condition was doubled relative to the ungrouped condition, suggesting that perceptual groups are stored as single units in WM.
If our assumption that the elements of a perceptual group are stored as a single unit in WM is correct, then we should observe similar profiles of storage requirements across different set sizes when the number of perceptual units is identical. Consistent with this prediction, we found equivalent capacity estimates for the set size 4 ungrouped (M ϭ .70) and set size 8 grouped (M ϭ .68) conditions that involved the storage of four pairs of elements, t(24) ϭ .972, p ϭ .348. This suggests that observers store the same number of "items" in both conditions. We further examined the possibility that these two conditions require the same storage demands by plotting P mem for set size 4 ungrouped as a function of P mem for set size 8 grouped ( Figure 2B ). We fitted these data with a linear regression model (solid black line), which provided reli- Figure 2 . Testing models that assume the storage of image elements or perceptual groups. (A) Capacity estimates for storing eight individual, ungrouped items (Pmem SS8u ) was plotted as a function of capacity estimates for storing eight elements organized into four perceptual groups (Pmem SS8g ). The regression function fitted to these data (solid black line) were statistically indistinguishable from a model assuming the storage of perceptual groups as a single unit (dotted black line; p ϭ .66), whereas a model assuming the storage of individual elements was significantly different (dotted gray line; p Ͻ .0001). (B) Capacity estimates for storing four individual, ungrouped items (Pmem SS4u ) was plotted as a function of capacity estimates for storing eight elements organized into four perceptual groups (Pmem SS8g ). The regression function fitted to these data (solid black line) were statistically indistinguishable from a model assuming the storage of perceptual groups as a single unit (dotted black line; p ϭ .34), whereas a model assuming the storage of individual elements was significantly different (dotted gray line; p Ͻ .0001).
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able fit (R 2 ϭ .51, p Ͻ .01), and regression coefficients revealed a slope and y-intercept of .63 and .28, respectively. We again fitted these data with hypothetical models that assume a perceptual group is stored as either two individual elements (dotted gray line, in which a slope of .5 is predicted) or a single unit (dotted black line, in which a slope of 1 is predicted). The model, which assumes the storage of individuated elements, differed significantly from the observed data (p Ͻ .0001), while no significant difference was found between the model that assumed the storage of a single group. We note, however, that although "single unit" model had a superior fit to the observed data, the precise slope of the observed data was numerically closer to that of the "individuated elements" model. In the absence of a clear explanation for the positive y-intercept for the observed data (when a zero intercept was predicted by the better fitting model), the results of this analysis alone should be not be taken as strong evidence in favor of the "single unit" hypothesis.
When comparing precision estimates across conditions that require the same storage demands, we found that SD (our operational measure of precision) was lower for the set size 8 grouped condition (M ϭ 15.17) than the set size 4 ungrouped condition, M ϭ 19.41; t(24) ϭ 5.94, p Ͻ .001. This indicates that when perceived set size was equal, more precise representations were maintained in the grouped condition. We speculate that the longer aspect ratio for the illusory rectangle in the grouped condition (relative to the single notch in the ungrouped condition) provided more salient orientation information (Sompolinsky & Shapley, 1997) . One fortunate consequence of this observation is that it rules out the possibility that observers simply ignored one of the elements within each pair of disks (and later extrapolated the ignored value if it was probed) as opposed to simultaneously encoding both elements of the group within a discrete "slot." Enhanced precision in the grouped condition suggests that both elements of each group were attended and encoded as a single "item" that provided more precise orientation information than that provided by a single ungrouped element.
The next analysis focused on the precision by set size functions in the grouped and ungrouped conditions ( Figure 3A ). The ungrouped condition is a replication (although with a coarser manipulation of set sizes) of Anderson, Vogel, and Awh (2011) . The discrete resource model predicts an asymptote early in precision by set size functions because resources are distributed only to those items stored in memory. This predicts that an asymptote in the precision by set size function should be observed at a relatively small set size. Indeed, we found a decline in precision from set size 2 (M ϭ 14.1) to set size 4, M ϭ 19.4; t(24) ϭ Ϫ8.5, p Ͻ .001, after which we observed an apparent asymptote, set size 4 to set size 6 (M ϭ 19.6; t(24) ϭ Ϫ.15, p ϭ .88; set size 6 to set size 8 (M ϭ 19.4; t(24) ϭ .2, p ϭ .84). By fitting a bilinear function to these data (R 2 ϭ .9993, p Ͻ .0001), we observed an inflection in precision at 4.03 items. This estimate is larger than that found in Anderson, Vogel, and Awh (2011) , but the omission of oddnumbered set sizes may have reduced the precision of inflection estimates in this experiment. The bilinear function is predicted by discrete resource models, because they presume that no further items are stored once relatively small item limits are exceeded; thus, because the number of items stored stays constant when item limits are exceeded, the precision of the items that were stored also remains constant.
Given that observers were able to store two collinear objects as a single item, we predicted a doubling of the inflection point in the resolution by set size function, because twice as many elements could be accommodated within the putative item limit if each perceptual group counted as a single item. Indeed, we find that precision decreases monotonically in the grouped condition, set size 2 (M ϭ 10.4) to set size 4 (M ϭ 12.3; t(24) ϭ Ϫ6.3, p Ͻ .001); set size 4 to set size 6 (M ϭ 13.7; t(24) ϭ Ϫ4.0, p Ͻ .001); set size 6 to set size 8 (M ϭ 15.2; t(24) ϭ Ϫ1.9, p ϭ .066), and, when fitted with a bilinear function (R 2 ϭ .995, p Ͻ .001), found calculated point of inflection at 7.62 objects. Thus, the asymptote in the grouped condition occurs at a set size that is nearly double the size as the asymptote found in the ungrouped condition (4.03), confirming the prediction that the precision by set size function is sensitive to the number of perceived items stored in working memory.
One problem with this empirical pattern is that the inflection point of the precision by set size function in the grouped condition was close to the largest set size tested; this may have compromised the inflection estimate because the flat portion of the putative bilinear function was almost completely cut off. To address this problem, we ran another experiment (Experiment 1b) in which we replicated the findings in the grouped condition, while extending the range of set sizes up to 12 items. As we will discuss below, this procedure allowed a clear demonstration of the predicted plateau from set size 8 to 12. That said, we also gained some traction on this issue by examining the individual subject data from Experiment 1a. Because many individuals had capacity estimates well below four items, the predicted inflection point in their precision by set size function was well below 8 in the grouped condition. To illustrate this point, the data from the low-capacity subjects (as defined by a median-split based on P mem ) revealed that precision reached a plateau at about set size 5 in the grouped condition ( Figure 3B ), approximately twice the observed inflection in the ungrouped condition for those subjects. Thus, even though inflection estimates were well below ceiling in the low-capacity group, the inflection estimates from this subset of subjects corroborated the doubling of the inflection point that was observed in the overall data.
Finally, we examined whether the individual subject data from Experiment 1a replicated our prior observation that precision in WM reaches a plateau at a set size that is correlated with each observer's item limit. This correlation is clearly predicted by discrete resource models, because they assert that the plateau in precision results from observer's inability to encode more items into WM. Thus, we examined the correlation between individual item limits and the observed inflection point in the precision by set size function. One potential problem for this analysis is that dependencies between SD and P mem can elicit a spurious correlation when those parameters are estimated from the same set of data (Brady, Fougnie, & Alvarez, 2011) . Thus, we used P mem estimates from one experimental condition to predict the inflection point in the precision by set size function in the other condition (i.e., P mem from the ungrouped condition was correlated with precision inflections in grouped condition, and vice versa.). Replicating our previous work (Anderson et al., 2011) we observed a strong correlation between storage estimates and inflections in precision in both the ungrouped and grouped conditions (R 2 ϭ .39, p Ͻ .01, and R 2 ϭ .30, p Ͻ .01, respectively). Thus, the observed plateau in precision is well explained by the hypothesis that no further items can be encoded once individual item limits are exceeded.
We considered the possibility that P mem was correlated with the inflection point in the precision function simply because both are measures of "performance," rather than because of a specific relationship between item limits and the set size at which precision reaches a plateau. Actually, we see this as a reformulation of our initial prediction, to the extent that both measures were argued to reflect the number of items that could be stored in WM. It should be noted, however, that this correlation cannot be explained by continuous resource models that eschew item limits, because that class of models can only account for the apparent guessing rate (P f ) by appealing to possibilities such as target mislocalization (Bays, Catalao, & Husain, 2009) or very low-resolution representations (van den Berg et al., 2012) . Not only are both of those alternative explanations inconsistent with the observed plateau in precision, neither explanation predicts any correlation between P mem and the set size at which precision reaches a plateau. Moreover, we highlight the fact that P mem was not correlated with other measures of "performance," such as mnemonic precision; SD was not correlated with P mem at any set size or condition (p Ͼ .17), nor was the asymptotic value of the precision by set size functions correlated with P mem (p ϭ .61). These findings establish the divergent validity of the item-limit measure, and replicate past findings indicating that number and precision reflect distinct aspects of memory ability (Fukuda, Vogel, Mayr, & Awh, 2009 ). Thus, the correlation between individual item limits and the inflection point in the precision by set size function cannot be explained by a broad dependency between all measures of competence in this task. Instead, the correlation falls in line with a specific account of how precision should stabilize when putative item limits are exceeded.
Another possible criticism of the evidence we have presented is that P mem explained about 35% of the variance in the set size at which precision reached a plateau, rather than exhibiting a perfect correlation. In other words, given that both measures were argued to reflect a common item limit in memory, why wasn't the correlation between these scores closer to the reliability of the measures themselves? We believe this is a flawed criticism, because it presumes that each measure is "process pure" such that no other ability or influence has any effect on the observed score; it has long been acknowledged that no task is pure in this way (e.g., Jacoby, 1991) . For instance, although we are relying on P mem as an operational definition of the number of items stored in working memory, this score is surely influenced by multiple other aspects of ability (e.g., extemporaneous grouping of angles, retrieval of traces from long term episodic memory, momentary lapses of attention, etc.). Likewise, our measure of the inflection point in the precision by set size function required us to fit a bilinear function to the observed precision by set size functions at the individual subject level. Not surprisingly, these bilinear fits were not perfect (mean r 2 fit ϭ .78 and .9 in the ungrouped and grouped conditions, respectively), and this logically precludes a perfect correlation between the inflection point of the fitted bilinear function and P mem . In addition, there are surely other sources of noise in our measure of precision (e.g., occasional use of categorical codes, errors in wielding the mouse to indicate the stored angle, etc.) that would further diminish the strength of the predicted correlation. These factors notwithstanding, the observed r values for the grouped and ungrouped conditions (.62 and .54, respectively) are viewed by convention as "large" effects (Cohen, 1992) . Finally, we reiterate the point that regardless of the absolute strength of the effect, discrete resource models directly predict this correlation while continuous resource models are at a loss to explain it. Thus, there is strong inferential value in documenting these "large" correlations, because they distinguish between competing theoretical accounts.
Experiment 1b
Experiment 1b replicated the findings from the grouped condition in Experiment 1a, but here we used a larger range of set sizes (2-12) that allowed a direct observation of the predicted plateau in precision between 8 and 12 elements.
Results and Discussion
We observed an initial decline in precision as a function of set size: set size 2 (M ϭ 10.56) to set size 4 (M ϭ 13.23; t (17) Figure 4A ; R 2 ϭ .992, p Ͻ .001), we observed a calculated point of inflection at 7.25 objects, which was similar to the mean inflection of 7.73 observed across individual subjects (black dotted line in Figure 4A ; average R 2 of bilinear fits ϭ .77). Consistent with our predictions, the inflection point in the grouped condition occurred at a set size that was approximately double the size as the inflection point observed in the ungrouped condition in Experiment 1a (4.03). These results corroborated the findings of Experiment 1a by demonstrating a clear plateau between set sizes 8 and 12 in the grouped condition, without being troubled by potential ceiling effects in the inflection point of the precision by set size function.
Experiment 1c
We argue that the precision and storage effects observed in the grouped condition reflect the storage of perceptual groups as single, discrete items in WM. One alternative explanation is that observers simply remembered the locations of each element in the grouped condition rather than the orientations of disks. This is a plausible hypothesis because the orientation of each item within a pair (in the grouped condition) always pointed directly toward the other element in the pair; thus, observers may have simply reported the orientation value that pointed toward the probed element's "partner" within the same group. This hypothesis will be strongly challenged by the electrophysiological data from Experiment 2, because we find that each pair elicits selection-and storage-related neural activity commensurate with that of a single item, rather than that of two items as this location-based strategy predicts. Nevertheless, Experiment 1c was intended to provide a behavioral test of whether grouping benefits could be observed when the grouped and ungrouped conditions were equally constrained with respect to possible orientation values. To this end, we created displays in which each item always pointed toward the centroid of an adjacent item in both the grouped and ungrouped displays (see Figure 4B) .
The sample displays in Experiment 1c consisted of six elements each, with five elements that were radially arranged around a central element. For each of the five outer items, there were three possible orientation values, such that each possible orientation pointed directly toward the one of the nearest neighbors of that element. The interitem distances were identical to those in Experiment 1a. The central item could face any of the five peripheral items. With this design, the possible orientation values were equally constrained in the grouped and ungrouped conditions. In this case, a reliable advantage for memory performance in the grouped condition could not be explained by more rigid constraints on the possible positions in the grouped condition.
Results and Discussion
The results from this control experiment ( Figure 4C , D) once again showed that both P mem , t(5) ϭ 3.39, p Ͻ .05; Figure 4D and precision, t(5) ϭ 5.97, p Ͻ .01; Figure 4C were superior in the grouped condition. Since the memoranda in both conditions were constrained to the same number of possible sample orientations, and each stimulus always pointed toward an adjacent neighbor, grouping benefits cannot be explained solely by the opportunity to extrapolate the sample orientation based on knowledge of the spatial positions of nearby display elements. 
Experiment 2
Experiments 1a, b, and c demonstrated that perceptual grouping increased the number of elements that could be stored, as well as the set size at which mnemonic resolution reached a plateau. The precise size of these effects was predicted by a discrete resource model in which each perceptual group occupied one of a fixed number of "slots." In Experiment 2, we corroborated these findings with neural measures that have been shown to index the number of discrete items that are encoded and stored in visual WM. The key question was whether perceptual grouping of pairs of element would lead to a halving of set size-dependent neural responses, in line with the claim that each perceptual group counts as a single "item." To measure the number of discrete units encoded into working memory, we relied on the N2pc component, a phasic electrophysiological response that occurs approximately 200 ms following the onset of a stimulus that summons visual attention (Luck & Hillyard, 1994) . Past studies have shown that N2pc amplitude increases monotonically with set size during the presentation of items during a dynamic tracking task (Drew & Vogel, 2008) , during the encoding of items to be stored in WM (Anderson et al., 2011) , and during rapid enumeration (Ester, Drew, Klee, Vogel, and Awh, 2012) . Importantly, the observed rise in amplitude between set sizes predicts behavioral success in these tasks, suggesting that the N2pc provides a valid measure of the number of "items" processed within a display. For example, Anderson et al. (2011) found that N2pc amplitude followed a bilinear function with rising set size, with the inflection point of this function predicting the number of items that each observer could store. Thus, N2pc amplitude tracks individual differences in the number of items than can be selected. By contrast, the contralateral delay activity (CDA) is a later sustained negative wave whose amplitude rises as set size increases and plateaus at a set size that predicts WM capacity (McCollough et al., 2007; Vogel & Machizawa, 2004) . Thus, we used these event-related potential (ERP) components to measure whether perceptual grouping of pairs of items would lead to a halving of selection and storagerelated electrophysiological responses. This would complement the conclusions of Experiment 1 in three important ways. First, these neural measures provide a qualitatively different way to measure the number of discrete "units" that are selected and stored; thus, this approach can provide strong converging evidence with the behavioral data. For instance, if observers were employing the location-based strategy that motivated Experiment 1c, then we should find no decrease in storage related neural activity in the grouped condition because there would have been no reduction in the number of stored items. Second, while the behavioral measures in Experiment 1 suggested that online storage was enhanced by perceptual grouping, it is also possible that perceptual grouping affected the availability of information stored in long term memory. If subjects had superior episodic memories for perceptual groups, then behavioral capacity estimates could reflect a combination of information maintained in online memory and information retrieved from long term memory when the test item was cued. While this alternative interpretation is difficult to rule out with behavioral data alone, the neural measure of storage provided by the CDA is unambiguously attributable to "online" memory storage rather than more passive modes of storage. Thus, corroborating the behavioral data using these measures would solidify the conclusion that perceptual grouping modifies the number of "units" stored in working memory per se. Finally, the N2pc component provided more fine-grained information about the earliest stages of processing that are affected by perceptual grouping, because this neural response occurs only 200 ms following the onset of the sample array. To anticipate the findings, both storage and earlier stages of visual selection were determined by the number of perceived groups, such that each perceptual group evoked a response commensurate with the response to a single ungrouped element.
Methods
Subjects. A total of 35 undergraduates at the University of Oregon completed the experiment for monetary compensation. All had normal or corrected-to-normal visual acuity and gave informed consent according to procedures approved by the University of Oregon institutional review board.
Stimulus displays. Stimulus displays were identical to Experiment 1, with the following exceptions; 1) viewing distances were approximately 100 cm; 2) objects had radii of .43°of visual angle; 3) objects were presented within two imaginary rectangles subtending 3.86°ϫ 4.30°of visual angle, each centered 2.86°to the left and right of a central diamond fixation of .57°ϫ .57°visual angle.
Procedures. Experiment 2 took approximately 2.5 hours to complete and was composed of 16 blocks of 64 trials each. The events in a single trial of Experiment 2 went as follows. Prior to the onset of the memoranda, the black central fixation briefly changed to a cue, which was blue on one side and yellow on the other, for 500 ms. Subjects were instructed to pay attention only to the side of the screen indicated by one of the two fixation colors (counterbalanced across subjects). This cue was followed by the presentation of two or four memoranda for 200 ms. On the unattended side, an irrelevant display of the same number items appeared (to match visual stimulation across the two hemifields). The constraints of grouped and ungrouped conditions were identical to Experiment 1. A 1000-ms delay period followed the offset of the disks. Following the delay, a probe ring appeared in the position of one item that had been randomly selected from the cued hemifield. Subjects clicked on the perimeter of this ring in an unspeeded response to indicate the orientation of the sample item that had appeared in the same position. Each response was followed by a 750-ms blank intertrial interval.
Modeling response error distributions. Modeling procedures were identical to those used in Experiment 1.
Electrophysiological recording and analysis. ERPs were recorded using our standard recording and analysis procedures, including rejection of trials contaminated by blocking, blinks, or large (Ͼ1°) eye movements (Vogel et al., 1998; McCollough et al., 2007) . We recorded from 22 tin electrodes mounted in an elastic cap (Electrocap International, Eaton, OH) using the International 10/20 System. 10/20 sites F3, FZ, F4, T3, C3, CZ, C4, T4, P3, PZ, P4, T5, T6, O1, and O2 were used along with five nonstandard sites: OL midway between T5 and O1; OR midway between T6 and O2; PO3 midway between P3 and OL; PO4 midway between P4 and OR; and POz midway between PO3 and PO4. All sites were recoded with a left-mastoid reference, and the data were rereferenced off-line to the algebraic average of the left and right mastoids. Horizontal electrooculogram (EOG) was recorded from 7 electrodes placed ϳ1 cm to the left and right of the external canthi of each eye to measure horizontal eye movements. To detect blinks, vertical EOG was recorded from an electrode mounted beneath the left eye and referenced to the left mastoid. Any trials containing either a blink or eye movement were excluded from further analysis. Subjects with trial rejection rates Ͼ20% were excluded from the sample.
Contralateral waveforms were computed by averaging the activity recorded over the right hemisphere when subjects attended items in the array at the left side of screen and the left hemisphere when subjects attended items in the array at the right side of the screen. Contralateral working memory activity was measured at posterior parietal, lateral occipital, posterior temporal, parietal, and occipital electrode sites as the difference in mean amplitude between the ipsilateral and contralateral waveforms. We used two measurement windows: 225-300 ms after the onset of the memory display for the N2pc analyses and 400 -1000 ms for the CDA analyses. The EEG and EOG were amplified with an SA Instrumentation (San Diego, CA) amplifier with a bandpass of 0.01-80 Hz and were digitized at 250 Hz in LabView 6.1 running on a PC.
Results and Discussion
Separate repeated-measures ANOVAs were carried out on the parameter estimates (P mem and SD) from each observer's response error histogram, with set size (2 or 4) and grouping condition (grouped vs. ungrouped) as factors. Replicating the findings from Experiment 1, there was a significant effect of set size, F(1, 34) ϭ 289.82, p Ͻ .001 and grouping, F(1, 34) ϭ 84.06, p Ͻ .001 on P mem ( Figure 5B ). The effect of perceptual grouping on P mem was larger in the set size 4 condition (presumably because even without grouping observers tended to be successful in the set size 2 condition), leading to a significant interaction between set size and grouping, F(1, 34) ϭ 63.74, p Ͻ .001. Thus, just as in Experiment 1, perceptual grouping enhanced the probability that each element would be stored relative to an ungrouped condition. Also replicating Experiment 1, we observed significant effects of set size, F(1, 34) ϭ 36.45, p Ͻ .001 and grouping, F(1, 34) ϭ 111.86, p Ͻ .001 on mnemonic precision (SD; Figure 5A ). The interaction between set size and grouping was not significant (p Ͼ .23). As in Experiment 1, precision in the set size 2 ungrouped condition was worse than when four elements were grouped into two items, set size 4 grouped; t(34) ϭ 6.08, p Ͻ .001, and precision was better for set size 2 than for set size 4, t(34) ϭ 3.96, p Ͻ .001. Again, we speculate that the precision advantage in the grouped condition was driven by the larger aspect ratio observed in the perceptual groups compared to single elements, which may facilitate the initial encoding of orientations.
Electrophysiological Data
We examined the N2pc, which measures the number of items that can be simultaneously selected, and the CDA, which indexes online storage load. Both ERP components were apparent at electrodes P3/P4, PO3/PO4, and OL/OR. We plotted difference waves (ipsilateral activity subtracted from contralateral activity across the three electrode pairs; see Figures 6A and 7A for average difference waves) for each condition. We first took the mean amplitude across the N2pc (first shaded gray region in Figure 6A) time window for each condition to examine the effects of set size and grouping on the amplitude of the N2pc ( Figure 6B ). This procedure revealed a main effect of set size, F(1, 34) ϭ 12.80, p Ͻ .001 and grouping, F(1, 34) ϭ 11.65, p Ͻ .01 on N2pc amplitude. It is critical that whereas N2pc amplitude was statistically larger when four ungrouped elements (set size 4 ungrouped) were encoded, as compared with when four elements were grouped into two pairs (set size 4 grouped), t(34) ϭ 2.10, p Ͻ .05, N2pc amplitude was statistically equivalent when two ungrouped elements were encoded (set size 2 ungrouped), as compared with when 4 elements were grouped into two pairs, set size 4 grouped; Figure 7B ; t(34) ϭ .86, p Ͼ .40. This result suggests that early stages of visual selection are altered by perceptual grouping, such that grouped pairs of elements evoke the same neural response as a single ungrouped element. We also observed a significant correlation between WM capacity and the difference in N2pc amplitude between set size 2 and set size 4 ( Figure 6C ; R 2 ϭ .27, p Ͻ .01), consistent with past work (Anderson, Vogel, & Awh, 2011; Drew & Vogel, 2008) . Thus, we find that individuals who can store more items in WM have the capacity to individuate more items during selection. The decline in the probability of storage across set size was significant for both grouped (dotted line) and ungrouped (solid line) conditions (p Ͻ .001), and the effect of grouping on the probability of storage was significant (p Ͻ .001). Error bars represent the 95% confidence interval.
We then took the mean amplitude across the CDA (second shaded gray region in Figure 6A ) time window for each condition to examine the effects of set size and grouping on the amplitude of the CDA ( Figure 6D ). This procedure revealed a main effect of set size, F(1, 34) ϭ 7.99, p Ͻ .01 and grouping, F(1, 34) ϭ 18.02, p Ͻ .001 on CDA amplitude. Thus, CDA amplitude was larger for set size 4 than for set size 2, t(35) ϭ 2.88, p Ͻ .01, and CDA amplitude was reduced in the grouped condition relative to the ungrouped condition. Indeed, there was no observed difference in amplitude between storing two individual elements (set size 2 ungrouped) and two perceptual groups (set size 4 grouped), Figure  7C ; t(34) ϭ 1.45, p Ͼ .15, whereas there was a reliable difference in amplitude between storing four individual elements (set size 4 ungrouped) and four elements grouped into two pairs (set size 4 grouped), t(34) ϭ 2.89, p Ͻ .01. Thus, given past findings that the CDA provides a sensitive measure of the number of items stored in working memory, equivalent CDA amplitudes in the conditions with two individual elements and two perceptual groups suggest that perceptual grouping led to a halving of the number of representations stored. Replicating previous work (Vogel & Machizawa, 2004; McCollough, Machizawa, & Vogel, 2007) we also observed a strong relationship between WM capacity and the rise in CDA amplitude ( Figure 6E ; R 2 ϭ .25, p Ͻ .01). Thus, storage-related neural activity also corroborates the conclusions from Experiment 1. Each perceptual group consumed the same mnemonic resources as a single item.
The results of Experiment 2 provide robust converging evidence with the findings from Experiment 1. The finding that storagerelated neural responses are determined by the perceived number of groups in a display strongly complements the behavioral find- 
STORAGE OF PERCEPTUAL GROUPS IN WORKING MEMORY
ings from Experiment 1 by showing that perceptual groups directly affect the online maintenance of items in working memory, rather than being derived from enhanced long term memory or other strategies that are peripheral to active maintenance per se. In addition, the electrophysiological data provide new information regarding the time course of the modal completion effect generated by collinearity. Specifically, the N2pc data show that modal completion has been achieved within the first 200 ms after the stimuli appeared. This rapid time course also argues against the hypothesis that grouping benefits reflect changes in later decision-related stage of processing in these tasks. Finally, it is noteworthy that N2pc and CDA amplitudes were equivalent across strong changes in the physical characteristics of the displays (i.e., the doubling of elements in the 4-item grouped condition, as compared with the 2-item ungrouped condition), while the same components provided a sensitive measure of perceived set size and individual differences in storage ability. This corroborates the important assumption that these components measure the number of discrete "units" that are stored and selected, rather than physical aspects of the sample display such as the overall change in luminance or the display area occupied by the sample elements.
General Discussion
Because there are multiple levels of organization within a visual scene, it is useful to acknowledge a distinction between image-and scene-level representations (Enns & Rensink, 1990; Enns & Rensink, 1991) . In the present work, an image-level description of the grouped stimuli might treat each individual disk as a separate element. By contrast, in a scene-level description of the same display, the collinear pairs of disks could be described as discrete units within the display, commensurate with the subjective perceptual experience of the observer. Thus, the memoranda can be described in a hierarchical fashion with at least two distinct levels of representation. Our primary conclusion is that storage in visual WM is constrained by a discrete item limit, but that an "item" is best defined by the perceptual groups that occupy top level of the observers' hierarchical representation of the scene (Brady, Konkle, & Alvarez, 2011) . This perspective on the "units" of storage in visual WM dovetails with recent work in the verbal domain, in which it has been shown that the capacity of verbal WM is determined not by the total number of words to be stored, but by the total number of chunks that are required to represent those words (Cowan, Chen & Rouder, 2004; Chen & Cowan, 2009 ). Thus, Chen and Cowan (2009) demonstrated that a similar discrete capacity limit (three items) explained performance regardless of whether the "units" stored were clusters of associated words or single unrelated words. Here, we extend this finding to the visual domain to show that pairs of elements grouped by collinearity count as single "items" in an orientation WM task.
In Experiment 1, the key empirical pattern was the shape of the resolution by set size function for ungrouped and grouped elements. Replicating previous work (Anderson et al., 2011) , we found that mnemonic resolution in the ungrouped condition declined until set size 4, and then reached a stable plateau for all remaining set sizes. This plateau in mnemonic resolution is clearly predicted by discrete resource models which assert that no further items are encoded into WM after putative item limits are exceeded. Critically, we found evidence of a similar plateau when pairs of items were grouped via collinearity, but in this case the plateau was observed at a set size approximately twice that in the ungrouped condition. These results verify a clear signature of discrete item limits in the grouped condition, and fit the quantitative predictions of a model in which each grouped pair counted as a single item in visual WM. Experiment 2 corroborated these conclusions by showing that neural activity related to the number of items selected (N2pc) and stored (CDA) in WM was cut in half in the grouped condition, again consistent with the hypothesis that each perceptual group elicited a neural response commensurate with that of a single ungrouped item.
The visual world is rich with information, and the organization of this information can be quantized into discrete, perceptual groups that simultaneously belong to distinct and identical objects, depending on the level of organization. For example, the human body is a complex object that is composed of a hierarchical organization of smaller parts; each part is distinct from another, such as the arms and the legs, yet each part belongs to the body as a whole. In the current work, we manipulated the alignment of two distinct elements to form a strong subjective impression of a single oriented bar. We demonstrate that WM stores each of these perceptual groups as a single item, while maximum storage limits were still constrained by a discrete item limit. Another question raised by our findings is whether a discrete resource perspective will also be able to account for nonperceptual grouping effects in which the grouped elements do not elicit a strong subjective experience of a single "item." For example, Brady, Konkle, and Alvarez (2009) showed that when pairs of colors were regularly associated with each other across trials, observers were able to store those familiar pairs as efficiently as a single ungrouped item, despite the fact that the key statistical regularities were not associated with differences in low-level gestalt grouping cues. Recalling the findings of Cowan et al. (2004) , in which familiar pairs of words were stored as efficiently as single words, we speculate that the memory compression effects reported by Brady et al. (2009) will still fall in line with a discrete resource account. That said, statistical regularities might influence storage in a qualitatively different fashion for visual and verbal stimuli. Thus, it remains to be seen whether or not the memory compression effect observed by Brady et al. (2009) will also be constrained by an underlying discrete resource limit.
In conclusion, we found robust enhancements in WM performance when pairs of elements were perceptually grouped. In addition, in both the grouped and ungrouped conditions, we replicated prior findings showing a plateau in the precision by set size function. Moreover, the precise set size at which this plateau occurred was doubled in the grouped condition, indicating that each pair of items consumed the same proportion of mnemonic resources as a single ungrouped item. Thus, the unit of storage depends on the organization of the scene, and a common discrete resource limits the number of these units that can be stored. In other words, the enhanced storage of grouped elements reflects the optimization of the information stored within an otherwise fixed set of discrete "slots" rather than a change in the number of discrete items that can be maintained.
